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Summary
Wnt signaling pathways play essential roles in pat-
terning and proliferation of embryonic and adult tis-
sues. In many organisms, this signaling pathway di-
rects axis formation. Although the importance of
intracellular components of the pathway, including
-catenin and Tcf3, has been established, the mecha-
nism of their activation is uncertain. In Xenopus, the
initiating signal that localizes -catenin to dorsal nu-
clei has been suggested to be intracellular and Wnt
independent. Here, we provide three lines of evidence
that the pathway specifying the dorsal axis is acti-
vated extracellularly in Xenopus embryos. First, we
identify Wnt11 as the initiating signal. Second, we
show that activation requires the glycosyl transferase
X.EXT1. Third, we find that the EGF-CFC protein,
FRL1, is also essential and interacts with Wnt11 to
activate canonical Wnt signaling.
Introduction
In Xenopus, a critical early step in dorsal axis specifica-
tion is the activation of the intracellular Wnt signaling
pathway (reviewed in Harland and Gerhart, 1997). This
causes the asymmetric stabilization and nuclear local-
ization of β-catenin and later activation of target genes
required for axis specification (Heasman et al., 1994;
Larabell et al., 1997; Schneider et al., 1996). Data from
other species also suggest that a canonical Wnt signal-
ing pathway is required for axis formation. Loss of
β-catenin in mouse causes a failure of orientation of the
anterior-posterior axis (Morkel et al., 2003), while loss
of the inhibitors Tcf3 (Merrill et al., 2004) and axin (Zeng
et al., 1997), causes axis duplication. In zebrafish,
blockage of the Wnt pathway using dominant-negative
Frizzled 8b (Nasevicius et al., 1998) also disrupts axis for-
mation. The maternal-effect mutants ichabod (Kelly et
al., 2000) and tokkaebi (Nojima et al., 2004) prevent
nuclear accumulation of β-catenin and cause ventrali-
zation. The role of the Wnt pathway in axis formation is*Correspondence: heabq9@chmcc.org
3 These authors contributed equally to this work.an ancient one and is involved in the patterning of the
simple Cnidarian, the sea anemone (Wikramanayake et
al., 2003).
Although many of the intracellular components are
known, the mechanism of activation remains controver-
sial. In Xenopus, sperm entry activates oriented micro-
tubule polymerization that causes dorsally directed cy-
toplasmic and organelle movements within a thin layer
of cortical cytoplasm during the first cell cycle (Elinson
and Rowning, 1988; Houliston and Elinson, 1991; Lara-
bell et al., 1996; Vincent et al., 1986). One hypothesis
suggests that this movement concentrates β-catenin
(Rowning et al., 1997) or dishevelled protein (Miller et
al., 1999) on the dorsal side during the cleavage stages
and that this activates the Wnt pathway intracellularly.
Another model suggests that the downregulation on the
dorsal side of the inhibitor, GSK-3β, establishes an
asymmetry of β-catenin function (Dominguez and
Green, 2000). A third possibility is that the pathway is
activated extracellularly by a maternal Wnt signal. Sev-
eral Wnts, including Wnt5A, Wnt8B, and Wnt11 are
stored as maternal mRNAs during oogenesis in Xeno-
pus (Cui et al., 1995; Ku and Melton, 1993; Moon et al.,
1993), but so far, there is no evidence for their roles in
this process. Wnt8B mRNA is so scarce it is difficult
to detect even by real-time RT-PCR, and Wnt5A is not
localized (Moon et al., 1993). Genetic mutants of Wnt11
and 5A in zebrafish and overexpression studies in Xen-
opus (Du et al., 1995; Djiane et al., 2000 Kilian et al.,
2003; Kuhl, 2002; Marlow et al., 2002; Moon et al., 1993;
Ulrich et al., 2003) all suggest roles in noncanonical
Wnt/convergent extension pathways and, in some
contexts, antagonism of canonical Wnt pathways (To-
pol et al., 2003; Westfall et al., 2003). However, two
pieces of evidence support the hypothesis that a Wnt11
signal may activate the pathway. First, Wnt11 protein is
more abundant dorsally than ventrally in cleavage
stage Xenopus embryos (Schroeder et al., 1999). Se-
cond, the maternal frizzled receptor Xfz7 has been
shown to interact biochemically with Wnt11 (Djiane et
al., 2000), to be required for axis formation, and to syn-
ergize with Wnt11 in axis induction assays (Sumanas et
al., 2000).
Here, we provide three lines of evidence that dorsal
axis specification is activated extracellularly. First, we
show that maternal Wnt11 mRNA is both necessary
and sufficient for activation of the canonical Wnt axis-
forming pathway. Second, we examine the involvement
of membrane-associated cofactors in the axis-inducing
pathway. The role of heparan sulfate proteoglycan
(HSPGs) in Wnt signaling during embryonic patterning
is not fully understood. In Xenopus, the HSPG family
member glypican 4 has been shown to physically in-
teract with Wnt11 (Ohkawara et al. 2003). In Drosophila,
we have shown previously that the abrogation of HSPG
activity by mutation of the glycosyl transferase Exos-
tosin genes, tout velout (tv) and sister of tout velout (stv)
leads to loss of Wnt target gene expression (Han et
al., 2004). However, a major question remains whether
HSPG is needed for wingless and/or hedgehog signal-
Cell
858ing, since the two pathways are closely linked in a feed- S
wback loop during segment polarity signaling (Des-
bordes and Sanson, 2003; Hacker et al., 1997; Lin and b
bPerrimon, 1999; Perrimon et al. 2004). In Xenopus,
hedgehog (Hh) family members are not expressed until t
iafter the midblastula transition (Lopez et al. 2003), while
several Wnts and HSPGs are maternally expressed g
m(Ohkawara et al., 2003; Teel and Yost, 1996). This allows
us to distinguish between potential roles of HSPGs in t
Wnt or Hh signaling. We disrupt HSPG function by de-
pleting the Exostosin1 homolog, X.EXT1 (Katada et al., d
i2002). We show that X.EXT1 is required for the maternal
Wnt axis-inducing pathway. D
vFinally, we describe an interaction between Wnt11
and a member of the extracellular EGF-CFC protein o
cfamily, FRL1. FRL1 was first identified as an FGF recep-
tor binding protein (Kinoshita et al. 1995), and other o
members of the EGF-CFC family (one-eyed pinhead
oep, Cripto, and cryptic) are essential coreceptors of q
aTGFβ class signaling molecules including nodal, Vg1,
and GDF1 (Cheng et al., 2003; Schier and Shen, 2000; j
uYan et al., 2002). FRL1 binds to the secreted protein
antivin/lefty (Tanegashima et al., 2004). Since antivin/ o
Wlefty can act as a Wnt inhibitor (Branford and Yost,
2002), FRL1 may have a role in Wnt signaling. We show m
here that maternal FRL1 depletion phenocopies Wnt11
depletion and that FRL1 interacts physically with W
sWnt11. We identify domains of FRL1 protein that are
essential for binding to Wnt11 and show that mouse c
WCripto protein also interacts with Xenopus Wnt11. We
conclude that Wnt11 is the activating signal in the dor- d
msal pathway and suggest the involvement of HSPG and
FRL1 in this process. f
m
cResults
1
oWnt11 Overexpression Causes Dorsalization
by a -Catenin-Dependent Pathway
Wnt11 mRNA is localized to the vegetal cortex of the W
Aegg (Ku and Melton, 1993) and was placed in the non-
canonical pathway because of its failure to cause dupli- T
fcated axes or rescue UV-ventralized embryos and
because it blocks convergent extension movements i
wwithout blocking mesoderm induction by activin in ani-
mal caps (Du et al., 1995). However, in these experi- c
tments, overexpression of Wnt11 was by mRNA injec-
tion into cleavage-stage embryos, which may act too p
plate to affect an early, maternally controlled, Wnt-acti-
vated, canonical pathway. We therefore compared the F
aeffects of injection of 150 pg Wnt11 mRNA into full-
grown oocytes with injection into fertilized eggs. Em- n
1bryos injected as oocytes become dorsalized (Figure
1A) in a fashion similar to that caused by excessive ac- g
ttivity of the maternal canonical Wnt pathway (Kofron et
al., 2001; Houston et al. 2002). s
aThe organizer genes, siamois, Xnr3, chordin, and
goosecoid are not expressed if the maternal Wnt sig- d
analing pathway is blocked by maternal β-catenin deple-
tion (Xanthos et al. 2002) and are overexpressed when w
nthe pathway is activated by XTcf3 depletion (Houston
et al. 2002). While recognizing that these genes are
rcomplexly regulated by additional transcription factors,
we will refer to them here simply as “Wnt target genes.” eimilarly, genes such as Xnr1, Xsox17, Xlim1, and Wnt8,
hich are not expressed if maternal VegT is depleted
ut are only reduced (or, in the case of Wnt8, increased)
y β-catenin depletion, are described here as “VegT
arget genes” (Xanthos et al. 2002). Wnt11 overexpress-
ng embryos show increased expression of Wnt target
enes, and the injection of Wnt11 mRNA 24 hr before
aturation is more effective in causing upregulation
han injection after fertilization (Figure 1B).
If Wnt11 activates the canonical β-catenin-depen-
ent pathway, then depletion of β-catenin should block
ts action. Figures 1A and 1C show that this is the case.
epletion of β-catenin (Heasman et al., 1994) causes
entralization, which is not rescued by overexpression
f Wnt11 mRNA in doses that cause dorsalization of
ontrol embryos. This suggests that Wnt11 is upstream
f β-catenin in a canonical Wnt pathway.
Since the maternal Wnt receptor, Xfz7 mRNA is re-
uired for axis formation and synergizes with Wnt11 in
xis induction assays (Sumanas et al., 2000), we coin-
ected Xfz7 mRNA and Wnt11 mRNA into oocytes. Fig-
res 1A and 1D show that embryos derived from these
ocytes are more dorsalized than embryos expressing
nt11 mRNA alone, suggesting that Wnt11 and Xfz7
ay interact in the canonical Wnt pathway.
The zygotically expressed, ventrally localized Wnt,
nt8, is extremely active in canonical Wnt signaling as-
ays (Du et al. 1995) and is considered a “standard”
anonical Wnt. We compared the activity of Wnt11 with
nt8 by injecting them into sibling oocytes. Embryos
erived from oocytes injected with 25 pg of Wnt8
RNA are completely radially dorsalized, and siblings
rozen at the gastrula stage show approximately 3-fold
ore expression of Xnr3 and siamois mRNA than that
aused by 250 pg of Wnt11 mRNA (Figures 1E, 1F, and
G). However, Wnt8 is not expressed maternally in Xen-
pus, so it cannot be the endogenous signal.
nt11 Is Essential for Canonical Wnt Pathway
ctivity in Dorsal Axis Formation
o show that Wnt11 is necessary as well as sufficient
or dorsal axis specification, full-grown oocytes were
njected with an antisense phosphorodiester oligo (3H)
hich depletes maternal Wnt11 mRNA levels to 20% of
ontrol levels (Figure 2A), a level that is maintained until
he early gastrula stage when zygotic transcripts ap-
ear. In embryos derived from these oocytes, blasto-
ores form at the gastrula stage and close (arrow in
igure 2B), but the embryos fail to form neural folds
nd are ventralized, similar to embryos lacking mater-
al β-catenin (Heasman et al., 1994; compare Figure
A, row 4, with Figure 2B). Expression of Wnt target
enes, but not VegT target genes, is much reduced in
hese embryos (Figures 2C and 2D). At the tailbud
tage, the expression of neural (NCAM), somite (MyoD),
nd anterior (Otx2, Xhex) markers is reduced in Wnt11-
epleted embryos, corresponding to the loss of dorsal
xial and anterior structures (Figure 2G). Similar results
ere found with a second antisense oligo (4T; data
ot shown).
These effects are specific, since they are partially
escued by injecting Wnt11 mRNA (Figure 2E). In this
xperiment, 12/12 Wnt11-depleted, 0/16 controls, and
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859Figure 1. Wnt11 Overexpression Causes Dorsalization by a β-Catenin-Dependent Pathway
(A) Upper panel: Tailbud control embryos and siblings injected with 150 pg of Wnt11 mRNA vegetally at the times shown. Pre-Mat = prematura-
tion; Post-Fert = postfertilization); middle panel: b-catenin− and b-catenin− + Wnt11 mRNA, siblings of those shown in the upper panel,
injected as oocytes; lower panel: 150 pg Wnt11 mRNA + 150 pg Xfz7 mRNA siblings of those in the top panel.
(B–D) Show Wnt target gene expression in embryos from upper, middle, and lower panels respectively from (A) frozen for analysis at the early
gastrula stage and assayed by real-time RT-PCR.
(E and F) Sibling control, Wnt11 (250 pg) and Wnt8 (25 pg) mRNA injected oocytes at the neurula (E) and late tailbud stages (F).
(G) Relative expression of Wnt target genes in siblings of those shown in (E) and (F) at the late blastula (stage 9.5) and early gastrula (stage
10) stages.3/12 Wnt11−+Wnt11 mRNA embryos were ventralized.
The experiment was repeated with a similar result. The
expression of Wnt target genes at the gastrula stage(Figure 2C) and of neural and mesodermal markers at
the tailbud stage (Figure 2G) is also partially rescued
by the reintroduction of Wnt11 mRNA. As further con-
Cell
860Figure 2. Wnt11 Is Required for Dorsal Axis Formation
(A) Embryos derived from Wnt11 oligo 3H-injected (3H) and control uninjected (C) oocytes were frozen as matured oocytes, and at the early
blastula (stage 7), late blastula (stage 9), early, mid, and late gastrula (stages 10, 11, and 12) stages and assayed by real-time RT-PCR for the
relative expression of Wnt11mRNA.
(B) Ventralization of early tailbud embryos from oligo-injected oocytes compared to an untreated control embryo. Arrow points to closed blas-
topore.
(C and D) The relative expression levels of Wnt and VegT target genes in control and Wnt11-depleted embryos assayed by real-time RT-PCR.
(E) Ventralization of Wnt11-depleted embryos is partially rescued by the reintroduction of Wnt11 mRNA
(F) The coinjection of Wnt11 MO, 50 ng, and phosphodiester 3H oligo, 5 ng, enhances ventralization compared to the effects of either
oligo alone.
(G) Expression of NCAM, MyoD, Otx2, and Xhex in Wnt11-depleted tailbud stage embryos is partially rescued by the reintroduction of
Wnt11 mRNA.
(H) Expression of Wnt target genes at the early gastrula stages of sibling embryos to those shown in (F).
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lino oligo into oocytes. This also causes ventralization
(Figure 2F) and reduces the expression of Wnt target
genes (Figure 2H). Coinjection of Wnt11 MO and Wnt11
3H enhances both ventralization and reduction of Wnt
target gene expression (Figures 2F and 2H).
If maternal Wnt11 acts in the canonical Wnt pathway,
the effects of its depletion should be rescued by
β-catenin. Four cell stage embryos, derived from Wnt11-
depleted oocytes, were injected dorsally with b-cate-
nin mRNA, using doses that caused axis duplication
when injected ventrally into control embryos. Both mor-
phology and Wnt target gene expression are rescued
(Figures 3A–3C). As further confirmation of this, we
used the TOPflash reporter to examine the effect of
Wnt11 depletion on Tcf3/LEF-mediated transcription.
Figure 3D shows that Wnt11 depletion, at doses that
cause complete ventralization in sibling embryos, abol-
ishes the activity of this reporter at the early gastrula
stage. The experiment was repeated with the same re-
sult, confirming that Wnt11 is required to activate the
canonical Wnt pathway. Taken together, these data
show that maternally stored Wnt11 initiates axis forma-
tion by a canonical route.
Wnt11 mRNA Is Enriched on the Dorsal Side
by the 8–16 Cell Stage
Wnt11 mRNA is localized during oogenesis to the vege-
tal cortex of the oocyte (Ku and Melton, 1993) and the
protein is concentrated on the dorsal side by the 64 cell
stage (Schroeder et al. 1999). To confirm that Wnt11
mRNA is more abundant dorsally than ventrally in the
early embryo, we dissected wild-type embryos at the
8–16 cell stage into dorsal and ventral halves (Figure
3E) and compared the levels of both polyadenylated
and total Wnt11 and disheveled mRNAs using oligo-dT
and random hexamer-primed real time RT-PCR. Figure
3F shows that total Wnt11 mRNA is more abundant
dorsally than ventrally, although disheveled mRNA is
not enriched dorsally in two sets of samples each rep-
resenting four embryo halves. In contrast to previous
studies (Schroeder et al. 1999), no differential polyade-
nylation of Wnt11 mRNA was detected. The experiment
was repeated with the same result, supporting the idea
that dorsal enrichment of Wnt11 occurs by cortical ro-
tation rather than by differential polyadenylation.
Maternal X.EXT1 Is Required for the Canonical
Wnt Signaling Pathway
Since Wnts, including Wnt11, have been shown to in-
teract with HSPG in other contexts (Ohkawara et al.
2003; Lin, 2004), we reasoned that examining the ef-
fects of abrogating HSPG function may provide further
evidence for the extracellular activation of the axis-
forming pathway. Several proteoglycans are expressed
maternally (Ohkawara et al., 2003; Teel and Yost, 1996);
therefore, we targeted them indirectly by depleting the
copolymerase enzyme Exostosin required for HSPG
function (Esko and Selleck, 2002). Two antisense oligos
were effective at depleting the maternal X.EXT1 mRNA
to 20% control levels (Figure 4A and data not shown).
These levels remain low through gastrulation, as ex-
pected, since zygotic transcription of X.EXT1 begins af-ter the tailbud stage (Katada et al., 2002). The oligos do
not deplete Wnt11 or b-catenin mRNA (data not shown).
Embryos derived from X.EXT1 mRNA-depleted oo-
cytes develop normally to the gastrula stage but then
show defects similar to Wnt11 and β-catenin depletion:
reduction of the expression of the Wnt target genes at
the gastrula stage and a ventralized phenotype (Figures
4B–4E). The phenotype is specific since it is partially
rescued by the reintroduction of X.EXT1 mRNA (Figures
4D and 4E). Here, 11/14 X.EXT1-depleted embryos,
0/20 controls, and 1/13 X.EXT1− + X.EXT1 mRNA were
ventralized. The experiment was repeated with a similar
result. Dorsal mesodermal and neural markers are also
partially rescued in equatorial explants at the neurula
stage (data not shown).
To determine whether β-catenin is downstream of
X.EXT1, we analyzed its ability to rescue the X.EXT1
depletion. Figures 4F and 4G show that b-catenin mRNA
injected dorsally at the four cell stage rescues the ex-
pression of Xnr3 and chordin and partially rescues the
ventralized phenotype. By the tailbud stage, the res-
cued embryos have well-developed heads and axial
structures, but they are not phenotypically normal (Fig-
ure 4H).
To test whether there is a functional interaction be-
tween X.EXT1 and Wnt11, low doses of Wnt11 and
X.EXT1 oligos were injected separately or together into
oocytes. Figures 4I and 4J show that depletion of
X.EXT1 and Wnt11 enhances ventralization and reduc-
tion of Wnt target gene expression. These results indi-
cate that maternal X.EXT1 mRNA is required for the
activation of the maternal Wnt11/β-catenin/XTcf3 path-
way, suggesting that the addition of GAG chains to
HSPG may be a prerequisite for Wnt11 function.
FRL1 Depletion Phenocopies Wnt11 Depletion
The Xenopus EGF-CFC protein FRL1 is maternally sup-
plied (Kinoshita et al., 1995) and has been shown to
interact with antivin/lefty, a secreted antagonist of Wnt
as well as nodal signaling (Tanegashima et al., 2004;
Branford and Yost, 2002; Chen and Shen, 2004; Cheng
et al., 2003). Nodal signaling does not start until the
midblastula stage in Xenopus (Schohl and Fagotto,
2002), suggesting the hypothesis that maternal FRL1
plays a role in the earlier Wnt signaling pathway. We
tested this by depleting its mRNA using two antisense
oligos. Zygotic FRL1 is expressed normally in maternal
FRL1-depleted embryos (Figure 5A).
FRL1-depleted embryos develop normally to the gas-
trula stage when they become ventralized (Figure 5B).
Sibling embryos frozen at gastrula stages have reduced
expression of Wnt target genes, although in some ex-
periments, gsc mRNA is not significantly downregu-
lated (compare Figures 5C and 5E). The phenotype is
specific, since 50 pg FRL1 mRNA introduced into
FRL1-depleted oocytes before maturation partially res-
cues the ventralized phenotype and gene expression
(Figures 5D and 5E). Here, 17/18 FRL1-depleted em-
bryos, 0/13 controls, and 1/17 FRL1− + FRL1 mRNA
were ventralized. The experiment was repeated with a
similar result. Since previous studies implicated EGF-
CFC proteins in nodal signaling, we examined the ex-
pression of VegT/nodal target genes in these embryos.
Cell
862Figure 3. Maternal Wnt11 Acts Upstream of β-Catenin in Axis Formation
(A) Embryos derived from control (top row) and Wnt11-depleted oocytes (L = low dose, 4 ng 3H oligo; H = high dose, 6 ng 3H oligo) at the
neurula stage.
(B) Sibling Wnt11-depleted embryos to those in (A) injected with 50 pg of b-catenin mRNA at the four cell stage. In control embryos, 50 pg
b-catenin mRNA injected ventrally causes axis duplication (bottom two embryos in [B]).
(C) Sibling embryos to those shown in (A) and (B) were frozen at the early gastrula stage and assayed by real-time RT-PCR for the relative
expression of Wnt target genes.
(D) TOPflash reporter activation after injection into two dorsal cells of four cell stage control embryos compared to activation occurring after
similar injections into Wnt11-depleted embryos (5 ng 4T oligo). Error bars indicate the standard deviation from the mean.
(E) A vegetal view of one of the 8–16 cell stage embryos used in (F). Arrow points to the concentration of pigment that marks the yolk-free
area of germ plasm. V = ventral side; dotted line denotes cut.
(F) Wild-type embryos at the 8–16 cell stage were dissected into dorsal and ventral halves (E) and prepared for RT-PCR. In two samples, each
representing four embryo halves, the levels of both polyadenylated and total Wnt11 RNA (and not disheveled mRNA) is higher dorsally than
ventrally. D = dorsal halves; V = ventral halves.
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863Figure 4. X.EXT1 Is Required for Dorsal Axis Formation
(A) Relative expression of X.EXT1 mRNA in embryos derived from X.EXT1-depleted and control oocytes frozen at the stages shown. C =
control; 3T = antisense oligo-injected.
(B) The relative expression level of Wnt target genes in control versus X.EXT1-depleted embryos at the early, mid, and late gastrula stages.
(C) The appearance of early tailbud embryos derived from control (top) and X.EXT1-depleted oocytes (3.5 ng 3T oligo).
(D) Ventralization of X.EXT1-depleted embryos is partially rescued by the reintroduction of X.EXT1 mRNA.
(E) The expression of Wnt target genes is partially rescued by the reintroduction of X.EXT1 mRNA.
(F) The expression of Wnt target genes is partially rescued by the reintroduction of b-catenin mRNA in control versus X.EXT1 embryos, while
BMP and VegT targets Xvent1 and Xsox17 are not affected.
(G and H) The ventralized appearance is partially rescued by the reintroduction of b-catenin mRNA in control versus X.EXT1 embryos.
(I) Embryos derived from control, low dose (50 ng MO) Wnt11-depleted, low dose (2.5 ng oligo 3T) X.EXT1-depleted, and Wnt11 + X.EXT1-
depleted oocytes.
(J) The relative expression level of Wnt target genes in sibling embryos to those shown in (I) frozen at the late blastula stage.
Cell
864Figure 5. FRL1 Is Required for Dorsal Axis Formation
(A) Embryos derived from FRL1-depleted and control oocytes frozen as matured oocytes and as embryos at the stages shown and assayed
by real-time RT-PCR for the relative expression of FRL1 mRNA. C = control; L = 1.5 ng mp9; H = 2 ng mp9.
(B) Early tailbud embryos derived from control and FRL1-depleted oocytes (1, 1.5, 2 ng oligo injected).
(C) Sibling embryos to those shown in (B) were frozen at the early gastrula stage and assayed by real-time RT-PCR for the relative expression
of Wnt target genes.
(D) The ventralization of FRL1-depleted embryos is partially rescued by the injection of 50 pg FRL1 mRNA.
(E and F) The relative expression level of Wnt and VegT target genes in control, FRL1-depleted, and FRL1-depleted + 50 pg FRL1 mRNA
injected sibling embryos (to those shown in [D]) at the stages shown.Figure 5F shows that Xnr1 and Xlim1 expression is not
esignificantly affected by FRL1 depletion, although in-
jected FRL1 mRNA causes upregulation of Xsox17α ex- i
pression.Since the depletion of FRL1, β-catenin, and Wnt11
ach caused similar defects, we tested for functional
nteraction between FRL1 and Wnt11. Low doses of
antisense oligos against Wnt11 and FRL1 were injected
Wnt11, X.EXT1, and FRL1 in Xenopus Axis Formation
865separately or together (1.5 ng FRL1 and 5 ng Wnt11
4T). Injection of both oligos together significantly en-
hances the effects, loss of dorsal axial structures and
Wnt target gene expression (Figures 6A and 6B). In the
converse experiment, Wnt11 and FRL1 mRNAs were
overexpressed in embryos alone or together. Figures
6C and 6D show that coexpression of 150 pg FRL1
mRNA with 150 pg Wnt11 mRNA in oocytes enhances
the effect of Wnt11 mRNA alone, both in terms of phe-
notype and in the expression of Wnt target genes. FRL1
mRNA overexpression alone does not cause dorsaliza-
tion, suggesting its role is a permissive one (data not
shown).
To confirm that β-catenin is downstream of FRL1, we
tested whether b-catenin mRNA can rescue FRL1-
depleted embryos. Figures 6E, 6F, and 6G show that
b-catenin mRNA injected dorsally at the four to eight
cell stage partially rescues the ventralized phenotype
of FRL1-depleted embryos. These experiments demon-
strate that maternal FRL1 interacts with the canonical
Wnt signaling pathway.
FRL1 and Cripto Physically Interact
with Wnt11 Protein
One explanation for the similarity of the phenotype
caused by Wnt11 and FRL1 depletion could be that
Wnt11 signaling in dorsal axis formation involves the
direct or indirect interaction of secreted Wnt11 protein
and extracellular FRL1. To test this, HA-tagged Wnt11
and Flag- and Myc-tagged FRL1 mRNAs were used in
coimmunoprecipitation experiments. We first con-
firmed that tagged proteins have the same activity as
untagged proteins in overexpression assays (data not
shown). Next, tagged FRL1 and Wnt11 mRNAs were
injected into separate blastomeres at the four to eight
cell stage, to ensure that proteins would be secreted
before interacting with each other. Gastrula stage em-
bryos were frozen for coimmunoprecipitation. Figure
6H shows that Flag- or Myc-tagged FRL1 interacts with
Wnt11-HA. Coimmunoprecipitation analyses were also
performed with Wnt5A-Myc and Wnt8-Myc together
with FRL1-Flag and show that FRL1-Flag binds to
Wnt5A-Myc but not to Wnt8-Myc (Figure 6I).
Members of the EGF-CFC family share an amino ter-
minal signal sequence, a divergent EGF domain, a con-
served crypto/FRL1/cryptic (CFC) domain, and a ter-
minal hydrophobic sequence. Next, we examined whether
the conserved EGF or CFC motif, or the C-terminal hy-
drophobic region is essential for Wnt11 binding using
the Flag-tagged mutant constructs shown in Figure 6J.
Figure 6J shows that -CFC-Flag binds Wnt11-HA, but
binding is severely reduced using the -EGF-Flag con-
struct and completely lost using the nonmembrane as-
sociated -C-term Flag.
Previous studies have shown that the mitogenic ac-
tivity of the related protein, mouse Cripto, is conserved
by the EGF-like motif alone, but not the CFC motif
(Brandt et al. 1994). Xenopus FRL1 has 67% and 42%
amino acid similarity to human Cripto in the EGF and
CFC domains, respectively, and 28% similarity overall
(Shen and Schier 2000). To test whether mouse Cripto
shares the property of Wnt11 binding, immunoprecipi-
tation assays were carried out with Wnt11-HA and
mouse Cripto-Flag. Figure 6J shows that Wnt11-HAbinds to mouse Cripto-Flag. These data indicate that
Cripto bears similarity in its physical properties to FRL1
in interacting with Wnt11 protein.
Discussion
The prevailing hypothesis for the activation of the ma-
ternal Wnt signaling pathway specifying the dorsal axis
in Xenopus is that it begins with an intracellular compo-
nent. Here, we have tested the alternative possibility,
that the pathway is activated extracellularly. We show
that Wnt11 is necessary and sufficient for axis specifi-
cation upstream of β-catenin. Extracellularly activated
signal tranduction pathways typically involve extracel-
lular or membrane associated cofactors. We provide
evidence that HSPG and FRL1 may be cofactors for
Wnt11 in the context of the axis initiation pathway.
Wnt11 Is the Dorsal Signal
Wnt11 has essential roles in vertebrate development,
including orientation of cell division planes (Gong et al.,
2004) and convergent extension movements in zebra-
fish and Xenopus, heart formation in Xenopus and
chick (Eisenberg and Eisenberg, 1999; Heisenberg et
al., 2000; Marlow et al., 2002; Ulrich et al., 2003), and
branching morphogenesis in the kidney of the mouse
(Chi et al., 2004; Majumdar et al., 2003). It is implicated
in carcinogenesis and is upregulated in several cancer
cell lines and human tumors of the colon and kidney
(Christiansen et al., 1996; Kirikoshi et al., 2001; Ouko et
al., 2004).
In most contexts, Wnt11 has been identified as an
activator of noncanonical Wnt signaling pathways. It is
important, given the implications for human disease
processes, to recognize that it also has the potential
for activating canonical Wnt signaling. Two lines of evi-
dence presented here show that this is the case. First,
overexpression of Wnt11 mRNA increases the expres-
sion of the direct targets of the axis forming pathway,
siamois and Xnr3, in a β-catenin-dependent fashion.
Second, depletion of maternal Wnt11 causes the same
ventralized phenotype as depletion of b-catenin and is
rescued by Wnt11 or b-catenin expression.
We confirmed here that when Wnt11 MO is injected
into the dorsal side of Xenopus embryos at the four cell
stage it causes convergent extension and not ventrali-
zation defects (data not shown). Morpholinos are less
effective in blocking maternal gene function when in-
jected after fertilization rather than into oocytes 48 hr
before fertilization, since the time interval for the turn-
over of stored protein is much shorter. Similarly, we find
that activation of the canonical pathway occurs more
effectively when Wnt11 mRNA is injected into oocytes
rather than into embryos, presumably because the pro-
tein accumulates earlier and is available to signal
shortly after fertilization. The time window for disrupt-
ing the canonical Wnt pathway after fertilization is
known to be short (Heasman et al., 2000; Yang et al.,
2002).
X.EXT1 Depletion Phenocopies Wnt11 Depletion
Understanding the signaling role of EXT1 is important
because the human mutation causes Hereditary mul-
tiple exostoses disease (Ahn et al., 1995; Stickens et
Cell
866Figure 6. FRL1 Binds Wnt11 and Acts Upstream of β-Catenin
(A) The coinjection of Wnt11 and FRL1 oligo enhances ventralization compared to each oligo alone.
(B) Sibling embryos to those shown in (A) were frozen at the early gastrula stage and assayed for the relative expression of Wnt target genes.
(C) Coinjection of 150 pg FRL1 mRNA with 150 pg Wnt11 mRNA increases the dorsalized phenotype.
(D) Sibling embryos to those shown in (C) were frozen at the early gastrula stage and assayed for the relative expression of Wnt target genes.
(E) The ventralization of FRL1-depleted embryos is partially rescued by the injection of 40 pg b-catenin mRNA (F).
(G) Sibling embryos to those shown in (E) and (F) were frozen at the early gastrula stage and assayed for the relative expression of Wnt
target genes.
(H) One nanogram of each mRNA (FRL1-Flag, FRL1-Myc, and Wnt11-HA) was injected into two different animal cells at the four to eight cell
stage and embryos were harvested at st11 for coimmunoprecipitation. Wnt11 is immunoprecipitated by both FRL1-Flag and Myc. Arrow =
Wnt11; star = IgG.
(I) One nanogram of each mRNA (FRL1-Flag, Wnt5A-Myc, and Wnt8-Myc) was injected into two different animal cells at four to eight cell
stage embryos that were frozen at stage 11. FRL1 interacts with Wnt5A and not Wnt8. Green arrow = Wnt5A-myc; red arrow = Wnt8-Myc;
star = IgG.
(J) One nanogram of each mRNA (Wnt11-HA, Cripto-Flag, FRL1-Flag, and the mutant forms diagramed) was injected into two different animal
cells at four to eight cell stage embryos which were frozen at stage 11 for coimmunoprecipitation. FRL1, Cripto, and -CFC interact with
Wn11; -EGF has reduced binding, and -C-term does not. Arrowhead = wild-type FRL1 (which also has two smaller forms); arrow = Cripto.
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Formation by an Extracellular Wnt11 Signal
(A) The prevailing model of initiation of the
canonical Wnt signaling pathway in Xenopus
axis formation by an intracellular signal. Ves-
icles (shown in blue) containing disheveled
protein are moved from a vegetal to a dorsal
location by cytoplasmic movements. They
stabilize β-catenin and activate the signaling
cascade intracellularly.
(B) A model of the initiation of axis formation
by an extracellular Wnt11 signal secreted by
dorsal vegetal cells. Purple represents corti-
cally localized Wnt11 mRNA. Speckled pur-
ple represents the dispersal of Wnt11 mRNA
from the cortex during cleavage stages.al., 1996). Human Wnt11 is expressed in the perichon-
drium of the developing skeleton (Lako et al., 1998),
and several recent studies show the importance of Wnt
signaling in bone proliferative diseases (reviewed in
Westendorf et al., 2004). Here we show that maternal
X.EXT1 depletion phenocopies Wnt11 depletion and
that X.EXT1 is active upstream of β-catenin in the Wnt
axis specification pathway. Since exostosins act by ad-
dition of GAG chains to HSPG, it is likely that HSPGs
are required for Wnt function. Also, since Hh is not ma-
ternally expressed in Xenopus, we can rule out indirect
effects due to HSPG/Hh function. X.EXT1 activity may
be required for the retention or stability of Wnt11 on
the cell surface, as Drosophila Wingless (a homolog of
vertebrate Wnt1) levels are reduced in Drosophila EXT1
mutant cells in the wing imaginal disc (Han et al., 2004).
Further analysis is required to determine which HSPGs
are involved in maternal Wnt signaling. Candidates in-
clude glypican 4, which binds to Wn11 in vitro (Ohka-
wara et al., 2003) and syndecan 2, which interacts with
TGFβ proteins (Teel and Yost, 1996). Xgly4 is a maternal
HSPG (Katada et al., 2002; Ohkawara et al., 2003), and
loss of function results in convergent extension de-
fects, although experiments did not specifically target
the maternal protein (Ohkawara et al., 2003). A second
important question will be to understand whether
HSPG is required for modulating stability, rates of diffu-
sion of Wnt11, or presentation of the signal to its re-
ceptor.
FRL1 Is Essential for Maternal Wnt
Signaling in Xenopus
FRL1 was first identified as an FGF-receptor binding
ligand (Kinoshita et al., 1995), and overexpression of
FRL1 activates the MAP kinase pathway and can inhibit
BMP signaling, causing neural induction (Yabe et al.,
2003). Surprisingly, we find here that maternal FRL1 in-
teracts with the canonical Wnt signaling pathway, as
evidenced by the ventralized FRL1-depleted pheno-
type, rescue by β-catenin, and loss of expression of
direct target genes siamois and Xnr3. The functional
and physical interactions demonstrated between Wnt11
and FRL1 suggest that FRL1 may be a coreceptor inthis pathway. It has been shown that the secreted an-
tagonist Xantivin/lefty binds to FRL1, and further that
X-lefty-deficient embryos upregulate Wnt target genes
Xnr3 and gsc (Branford and Yost, 2002). It will be inter-
esting to determine whether the zygotic expression of
X-lefty negatively regulates Wnt11 via its interaction
with FRL1. FRL1 can also bind to Xnr1, Xnr3, and Vg1
in coimmunoprecipitation assays (data not shown),
suggesting that it is a more promiscuous coactivator
than previously thought.
To our knowledge, this is the first reported interaction
of EGF-CFC proteins with a Wnt family member. Since
we show that mouse Cripto also interacts physically
with Wnt11, and Cripto is implicated in mammary tu-
morigenesis (Adamson et al. 2002), it will be important
to determine how widespread this mechanism is for
regulating Wnt signaling in development and disease.
Taken together with previous studies, these data sug-
gest that Wnt11 can act in both canonical and nonca-
nonical Wnt pathways, raising the question of how
each or both pathways are selected.
The Sequence of Events that Establish
the Dorsal Axis in Xenopus
Previous models of axis initiation in Xenopus suggest
that the process starts with sperm entry, which causes
rotation movements of the cortical cytoplasm, and the
concentration of intracellular disheveled protein on the
dorsal side. This stabilizes β-catenin to activate Wnt
signaling intracellularly (Miller et al., 1999; Figure 7A).
The data presented here and elsewhere support a re-
vised model of axis initiation (Figure 7B):
(1) Sperm entry activates the directional polymeriza-
tion of microtubules in the egg cortex which re-
sults in the movement of cortical cytoplasm away
from the sperm entry point (Elinson and Rowning,
1988; Houliston and Elinson, 1991). This move-
ment causes a dorsal shift of cortically associated
mRNAs and germplasm components, including
Wnt11 mRNA, away from their symmetrical local-
ization in the vegetal cortex, before the first cleav-
age division (Quaas and Wylie, 2002; visualized
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868Table 1. Primers and Conditions for Real-Time PCR Analysis
Annealing Extension Acquisition
PCR Primer Denat Temp °C/ Temp °C/ Temp °C/
Pair Origin Sequence temp Time (s) Time (s) Time (s)
BMP-4 Xanthos et al., U: 5#-ACC CAT AGC TGC AAA TGG AC-3# 95 55/5 72/12 81/3
2001 D: 5#-CAT GCT TCC CCT GAT GAG TT-3#
Chordin XMMR U: 5#-AAC TGC CAG GAC TGG ATG GT-3# 95 55/5 72/12 81/3
D: 5-GGC AGG ATT TAG AGT TGC TTC-3#
Disheveled New U: 5#-CCTCTCCGTACACACCGATT-3# 95 58/5 72/10 87/3
D: 5#-TTGTTCACTGTGTGGCGAAT-3#
EXT1 New U: 5#-CTTCCTGGTGTCTGCTGTGA-3# 95 55/5 72/8 84/3
D: 5#-AAGGACAGGGTCGAGTCTCA-3#
FRL1 New U: 5#-AATTAATGCCACCCATGGAA-3# 95 58/5 72/8 80/3
D: 5#-GCTTAGGGCAGATGCAAAAG- 3#
Goosecoid v.2 Kofron et al., U: 5#-TTC ACC GAT GAA CAA CTG GA-3# 95 55/5 72/11 82/3
2004 D: 5#-TTC CAC TTT TGG GCA TTT TC-3#
MyoD Rupp and U: 5#-AGCTCCAACTGCTCCGACGGCATGAA-3# 95 55/5 72/18 86/3
Weintraub, D: 5#-AGGAGAGAATCCAGTTGATGGAAACA-3#
1991
N-CAM Yokota et al., U: 5#-CAC AGT TCC ACC AAA TGC-3# 95 60/5 72/13 84/3
2003 D: 5#-GGA ATC AAG CGG TAC AGA –3#
ODC Heasman et al., U: 5#-GCCATTGTGAAGACTCTCTCCATTC-3# 95 55/5 72/12 83/3
2000 D: 5#-TTC GGG TGA TTC CTT GCC AC-3#
Otx-2 Heasman et al., U: 5#-CGG GAT GGA TTT GTT GCA-3# 95 59/5 72/8 81/3
2000 D: 5#-TTG AAC CAG ACC TGG ACT-3#
Siamois Heasman et al., U: 5#-CTG TCC TAC AAG AGA CTC TG-3# 95 55/5 72/16 81/3
2000 D: 5#-TGT TGA CTG CAG ACT GTT GA-3#
Xbra Sun et al., 1999 U: 5#-TTC TGA AGG TGA GCA TGT CG-3# 95 55/5 72/8 75/3
D: 5#-GTTTGACTTTGCTAAAAGAGACAG G-3#
XHex Chang and U: 5#-AAC AGC GCA TCT AAT GGG AC-3# 95 60/5 72/13 87/3
Hemmati- D: 5#-CCT TTC CGC TTG TGC AGA GG-3#
Brivanlou, 2000
Xlim-1 Kofron et al., U: 5#-CCCTGGCAGCAACTATGACT-3# 95 55/5 72/11 85/3
2004 D: 5#-GGTTGCCATAACCTCCATTG-3#
Xnr1 v.2 Kofron et al., U: 5#-AGA GGA ATG TGG GTG CAG TT-3# 95 55/5 72/10 76/3
2004 D: 5#-CAA CAA AGC CAA GGC ATA AC-3#
Xnr3 v.2 Kofron et al., U: 5#-TAA TCT GTT GTG CCG ATC CA-3# 95 56/5 72/9 79/3
2004 D: 5#-ATC AAT GTT GCC CTT TTT CA-3#
Xsox17α Xanthos et al., U: 5#-GCA AGA TGC TTG GCA AGT CG-3# 95 58/5 72/8 85/3
2001 D: 5#-GCT GAA GTT CTC TAG ACA CA-3#
Xvent1 Gawantka et al., U: 5#-GCATCTCCTTGGCATATTTGG-3# 95 62/5 72/20 83/3
1995 D: 5#-TTCCCTTCAGCATGGTTCACC-3#
Xwnt8 Ding et al., 1998 U: 5#-CTG ATG CCT TCA GTT CTG TGG-3# 95 58/6 72/14 85/3
D: 5#-CTA CCT GTT TGC ATT GCT CGC-3#
Xwnt11 New U: 5#-TGA CAG CTG CAA CCT CAT GT-3# 95 55/5 72/10 83/3
D: 5#-ACA GAG GGC TGT CAG TGC TT-3#
XMMR: Xenopus Molecular Marker Resource (http://www.xenbase.org/xmmr/Marker_pages/primers.html). v.2 = new version of primer
designed with primer3 web based program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).by concentrations of black pigment associated
with germplasm, arrow in Figure 3E). UV irradia-
tion of the vegetal pole of the egg prevents this
cortical rotation (Gimlich and Gerhart, 1984) and
causes degradation of the cortically associated
mRNAs (Schroeder et al., 1999), leading to ventra-
lized embryos.
(2) Maternal Wnt11 mRNA loses its close contact
with the cell cortex and diffuses into deeper cyto-
plasm of the dorsal vegetal cells (Ku and Melton,
1993). Wnt11 protein accumulates differentially in
tdorsal vegetal cells (Schroeder et al., 1999).
(3) Maternal HSPGs begin to accumulate from the p
ctranslation of maternally stored mRNAs (Ohka-
wara et al., 2003) and are posttranslationally mod- i
bified by the addition of GAG chains by X.EXT1
(Katada et al., 2002). Wnt11 is secreted by dorsal o
ovegetal cells, associates with maternal HSPG,FRL1, and Xfz7 proteins and activates the mater-
nal canonical Wnt signaling pathway dorsally and
not ventrally. This model does not discount the
involvement of other mechanisms, such as the
dorsal enrichment of coreceptors or of other posi-
tive regulators of Wnt signaling. Also, each Wnt
target gene may be individually regulated by sev-
eral maternal transcription factors at MBT (e.g.,
Kofron et al., 2004).
Several pieces of evidence point to the early activa-
ion of this pathway. First, the accumulation of phos-
horylated disheveled protein occurs dorsally by the 16
ell stage (Rothbacher et al., 2000). Second, Wnt11 MO
s only effective in causing ventralization when injected
efore fertilization (data not shown), and β-catenin MO
nly causes complete ventralization when injected at
r before the four cell stage (Heasman et al., 2000; Yang
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869et al., 2002). Also, nuclear β-catenin is already asym-
metrically concentrated by the cleavage stages (Schnei-
der et al. 1996; Larabell et al., 1997). Finally, dorsal ani-
mal cells explanted at the 16 cell stage express the
direct targets of the Wnt signaling pathway, Xnr3 and
siamois, when cultured to the gastrula stage (Ding et
al., 1998).
Since the role of the Wnt pathway in axial patterning
is an evolutionarily conserved one, a major challenge
will be to determine whether a Wnt activates the path-
way in other animal groups.
Experimental Procedures
Oocytes and Embryos
Full-grown oocytes were manually defolliculated and cultured as
described previously (Xanthos et al., 2001). Oocytes were injected
in their vegetal hemispheres and were cultured a total of 48–72 hr
at 18°C before fertilization with a sperm suspension. In preparation
for fertilization, they were stimulated to mature by the addition of
2 M progesterone to the culture medium and cultured for 10–12
hr. Oocytes were then labeled with vital dyes and introduced into
stimulated female hosts using the host-transfer technique de-
scribed previously (Zuck et al., 1998). Embryos were maintained in
0.1× MMR, and all the colored experimental embryos were sorted
from host embryos. Unfertilized eggs and abnormally cleaving em-
bryos were removed from all batches. For dissections, embryos
were transferred to 1× MMR and dissected and cultured as de-
scribed in Zhang et al., 1998.
Oligos and mRNAs
The antisense oligos used were:
For Wnt11: 3H: 5#-GTCGGAGCCATTGGTACT-3#
4T: 5#-G*C*G*A*CAGTGTTCGC*T*C*T*C-3#
Wnt11MO: 5#-CCAGTGACGGGTCGGAGCCATTGGT-3#
For FRL1: mp9: 5#-A*A*G*TGCCTCCATTCT*G*A*C-3#
For X.EXT1: 3T: 5#-C*C*A*TCTCGCTTCTGC*C*G*G-3#
6T: 5#-G*G*T*AGATATACACCT*T*A*A-3#
For b-catenin: 5#-T*G*C*C*TTTCGGTCTG*G*C*T*C-3#
where * indicates a phosphorothioate bond.
The oligos were resuspended in sterile, filtered water and injected
as recorded in the figure legends. Xenopus EXT1 was identified by
a search in the EST database. The EST clone (accession number
CA971188) was provided from I.M.A.G.E. Consortium and was con-
structed using the overlapping PCR method using the following
primers: forward 5#-CGGAATTCCCCTCCAGTGTCGGTATCC-3#; re-
verse 5#-GCTCTAGACCTCACGTCTTTGTTCAGCA-3#. The PCR prod-
uct was amplified using native Pfu DNA polymerase (STRATA-
GENE), digested with EcoRI and XbaI, and cloned into CS2+ vector.
HA-tagged Wnt11 was constructed by the overlapping PCR
method using the following primers: forward 5#-GGAATTCCAT
GGCTCCGACCCGTCAC-3#; reverse 5#-CCGCTCGAGTTATGCGT
AGTCTGGGACGTCGTATGGGTACTTGCAGACATACCTCTC-3#. PCR
product was amplified using native Pfu DNA polymerase (STRATA-
GENE), digested with EcoRI and XhoI, and cloned into CS2+ vector.
FRL1-CFC, -EGF, and -C-term constructs code pCS2-FRL1-
3flag (Tanegashima et al., 2004) protein without CFC domain (113P–
150D), EGF domain (77K–112R), or C terminus region (116C–stop
codon). The template for amplification was pSP64T-Wnt11 (64T–
X9). pSP64T-Wnt11 was linearized with Xba, pSP64T-Xwnt-5A-myc
(XE4) with EcoRI, pSP64T-Xwnt-8-myc with BamHI, and pCS2-
.EXT1, pCS2-FRL1 (Yabe et al., 2003), pCS2-FRL1-3flag, -CFC,
-EGF, and -C-term, pCS2-FRL1-6myc (Yabe et al., 2003), pCS2-
Cripto-3flag (Yeo and Whitman, 2001), and pCS2-Wnt11-HA were
all linearized with NotI. These templates were transcribed using the
mMESSAGE mMACHINE SP6 kit (Ambion). mRNAs were ethanol
precipitated and resuspended in sterile, distilled water for injection
in the doses described in the figure legends.Luciferase Assays
A total of 50 pg TOPflash DNA (Upstate), containing three copies
of the TCF binding site upstream of a minimal TK promoter and
luciferase open reading frame, together with 25 pg pRLTK DNA
(Renilla reniformis luciferase internal control) was injected into two
dorsal cells at the four cell stage control and Wnt11-depleted em-
bryos. Three replicate samples each of four embryos were frozen
for each group at the early gastrula stage and luciferase assays
were performed using the Promega luciferase assay system.
Coimmunoprecipitation
For coimmmunoprecipitations, embryos were harvested at stage
11 and lysates were centrifuged to remove yolk protein. Coimmu-
noprecipitation was carried out as described previously (Tanega-
shima et al., 2004). The following antibodies were used: anti-Flag
rabbit polyclonal antibody (Sigma), anti-Myc monoclonal antibody
(9E10, Santa Cruz Biotechnology), and anti-HA high-affinity rat mo-
noclonal antibody (3F10, Roche). Proteins were detected using the
ECL Western Blotting Analysis System (Amersham Biosciences).
Analysis of Gene Expression Using Real-Time RT-PCR
Total RNA was prepared from oocytes, embryos, and explants
using proteinase K and then treated with RNase-free DNase as de-
scribed (Zhang et al., 1998). Approximately 1/6 embryo equivalent
of RNA was used for cDNA synthesis with oligo (dT) primers fol-
lowed by real-time RT-PCR and quantitation using the LightCycler
system (Roche) as described in Kofron et al., 2001. The primers
and cycling conditions used are listed in Table 1. Relative expres-
sion values were calculated by comparison to a standard curve
generated by serial dilution of uninjected control cDNA. All samples
were normalized to levels of ornithine decarboxylase (ODC), which
was used as a loading control. Samples of water alone or controls
lacking reverse transcriptase in the cDNA synthesis reaction failed
to give specific products in all cases. Experiments were repeated
at least twice on different oocyte and embryo batches to ensure
that the pattern of gene expression described was reproducible
from one experiment to the next.
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